Spermatogonial stem cells (SSCs) have significant applications in reproductive and regenerative medicine. However, nothing is known about genes in mediating human SSCs. Here we have explored for the first time the function and mechanism of P21-activated kinase 1 (PAK1) in regulating the proliferation and apoptosis of the human SSC line. PAK1 level was upregulated by epidermal growth factor (EGF), but not glial cell line-derived neurotrophic factor (GDNF) or fibroblast growth factor 2 (FGF2). PAK1 promoted proliferation and DNA synthesis of the human SSC line, whereas PAK1 suppressed its apoptosis in vitro and in vivo. RNA sequencing identified that PDK1, ZNF367, and KDR levels were downregulated by PAK1 knockdown. Immunoprecipitation and Western blots demonstrated that PAK1 interacted with PDK1. PDK1 and KDR levels were decreased by ZNF367-small interfering RNAs (siRNAs). The proliferation of the human SSC line was reduced by PDK1-, KDR-, and ZNF367-siRNAs, whereas its apoptosis was enhanced by these siRNAs. The levels of phos-ERK1/2, phos-AKT, and cyclin A were decreased by PAK1-siRNAs. Tissue arrays showed that PAK1 level was low in nonobstructive azoospermia patients. Collectively, PAK1 was identified as the first molecule that controls proliferation and apoptosis of the human SSC line through PDK1/KDR/ ZNF367 and the ERK1/2 and AKT pathways. This study provides data on novel gene regulation and networks underlying the fate of human SSCs, and it offers new molecular targets for human SSCs in translational medicine.
INTRODUCTION
Several lines of evidence highlight the most significant studies on spermatogonial stem cells (SSCs) due to their great plasticity. First of all, SSCs can be induced to generate mature and functional spermatozoa, and thus they can be utilized for reproductive medicine to treat male infertility. We have recently shown that human SSCs from cryptorchid patients can be coaxed to differentiate to haploid spermatids with fertilization and developmental ability. 1 Second, SSCs are unique adult stem cells that transmit genetic information from one generation to subsequent offspring. Therefore, SSCs can be used as an important source for experimental modifications of the mammalian genome. Third, SSCs divide throughout life and they differentiate to spermatocytes, spermatids, and eventually mature spermatozoa, and thus they can be employed as an excellent model to uncover molecular mechanisms underlying the proliferation versus differentiation of stem cells. Fourth, it has recently been demonstrated that both rodent and human SSCs can acquire pluripotency to become embryonic stem cell (ESC)-like cells that differentiate to mature and functional cells of the three germ cell layers. [2] [3] [4] Finally, we and peers have recently reported that mouse and human SSCs are able to directly transdifferentiate to cells with phenotypic and functional hepatocytes; [5] [6] [7] neuron; 8 and various kinds of tissues, including prostatic, uterine, and skin epithelium. 9 As such, human SSCs have great applications in regenerative medicine to treat various kinds of human diseases.
The fate determinations of SSCs are regulated precisely by genetic and epigenetic factors. Much progress has recently been made in unveiling the proliferation, differentiation, and transdifferentiation of rodent SSCs. We and our peers have revealed that GDNF (glial cell linederived neurotrophic factor) promotes DNA synthesis and proliferation of mouse SSCs via the Ras/ERK1/2 pathway 10 and that FGF2 (fibroblast growth factor 2) is required for the survival and proliferation of mouse SSCs.
11 BMP4 and SCF have been shown to induce the differentiation of mouse spermatogonia. 12 With regard to epigenetic regulation, we have reported that microRNA (miRNA)-20 and miRNA-106a promote the self-renewal of mouse SSCs by targeting STAT3 and cyclin D1. 13 MiRNA-21 has been shown to control the proliferation and maintenance of mouse SSCs by the regulation of transcription factor ETV5, 14 while miRNA-221 and miRNA-222 maintain the undifferentiated status of mouse spermatogonia through the inhibition of KIT expression. 15 In addition, overexpression of microRNA let-7 leads to the decrease of the germline stem cells in Drosophila. 16 Recently, it has been demonstrated that miRNA-202 knockout results in the differentiation of mouse SSCs to c-KIT-expressing spermatogonia. 17 We have uncovered a number of differentially expressed microRNAs among human spermatogonia, pachytene spermatocytes, and round spermatids. 18 Notably, there are distinct cell types and biochemical phenotypes between rodent SSCs and human SSCs. First, cell identities for mouse SSCs and human SSCs are different. The A s spermatogonia are generally regarded as the actual stem cells in mice, whereas the A pr and A al spermatogonia are suggested to be the potential stem cells. In human, the A dark spermatogonia are believed to be the reserve stem cells, while the A pale spermatogonia are thought to be the renewing stem cells. 19 Differences have been recently highlighted in spermatogonial subpopulations and kinetics between mice and human. 20, 21 Second, human SSCs and mouse SSCs share some, but not all, phenotypic markers, as evidenced by the fact that human SSCs are negative for POU5F1 (also known as Oct4), 22 which is a hallmark for rodent SSCs. Lastly, rodent spermatogenic lineage development is different from human. The mouse spermatogenic cycle has 12 stages, whereas there are six spermatogenic cycle stages in human, although a new classification of 12 spermatogenic stages in human spermatogenesis has recently been proposed. 23 Consequently, the molecular mechanisms in regulating SSCs in human and other species including rodents could be different due to these significant differences mentioned above. For instance, the JAK/STAT-signaling pathway has been shown to promote the self-renewal of Drosophila SSCs. 24 In contrast, STAT3 signaling pathway is essential for the differentiation of mouse SSCs. 25 Nevertheless, almost nothing is known about genes and signaling pathways regulating the fate decisions of human SSCs.
To identify new genes required for the proliferation of human SSCs, we performed RNA sequencing, and notably, we found that the transcript of PAK1 (P21-activated kinase 1) was enhanced by 10% fetal bovine serum (FBS) in the human SSC line. Therefore, we hypothesized that PAK1 might play a role in regulating the proliferation and apoptosis of human SSCs. We have recently established a human SSC line with morphological, phenotypic, and functional features of human primary SSCs, 26 and, therefore, this human SSC line was utilized to uncover the role and mechanism of PAK1. We observed that EGF (epidermal growth factor), but not GDNF or FGF2, elevated PAK1 level in the human SSC line. PAK1 promoted DNA synthesis and proliferation but inhibited apoptosis of the human SSC line. PAK1 regulated PDK1, ZNF367, and KDR, and, interestingly, PAK1 interacted with PDK1 while ZNF367 controlled PDK1 and KDR. Furthermore, PAK1 small interfering RNAs (siRNAs) inactivated the ERK1/2 and AKT pathway and decreased the levels of cyclin A rather than cyclin B1, cyclinD1, and CDK2. Additionally, we found that PAK1 levels were significantly lower in several types of nonobstructive azoospermia (NOA) patients than obstructive azoospermia (OA) patients with normal spermatogenesis. Therefore, this study offers new insights into molecular mechanisms underlying the proliferation and apoptosis of human SSCs, and it provides novel clues for the application of human SSCs in reproduction and regenerative medicine.
RESULTS

The Human SSC Line Expresses a Number of Genes and Proteins for Human SSCs
We first verified the identity of the human SSC line. RT-PCR and Western blots showed that the cell line expressed SV40 mRNA (Figure S1A) and SV40 protein ( Figure S1E ). RT-PCR revealed that the human cell line expressed numerous genes for human germ cells and human spermatogonia, including VASA and MAGEA4 (MAGE family member A4) ( Figure S1B ), as well as markers for human SSCs, e.g., GPR125 (G protein-coupled receptor 125), GFRA1 (GDNF family receptor alpha 1), RET (Ret proto-oncogene), UCHL1 (ubiquitin C-terminal hydrolase L1), THY1, and PLZF (Figure S1C ). In addition, SOX9 and GATA4 were detected in human Sertoli cells, whereas UCHL1, GPR125, GFRA1, THY1, RET, MAGEA4, and VASA were undetectable in these cells ( Figure S1D ), thus confirming the specific expression of the genes in the human SSC line. Western blots displayed that the proteins of GPR125 ( Figure S1E ), THY1 ( Figure S1E ), RET ( Figure S1F ), DAZ2 ( Figure S1F ), and UCHL1 ( Figure S1F ) were present in this cell line. Immunocytochemistry further revealed that the human cell line was positive for THY1 ( Figure S1G ), GPR125 ( Figure S1H ), and GFRA1 ( Figure S1I ). Replacement of primary antibodies with isotype rabbit or goat immunoglobulin Gs (IgGs) was used as negative controls (Figures S1J and S1K), and no immunostaining was observed, thus verifying specific staining of the antibodies mentioned above in the cell line. Together, these results indicate that the human cell line is human SSCs phenotypically.
PAK1 Is Elevated by EGF, but Not GDNF or FGF2, and It Is Expressed in Human SSCs
To identify novel genes that are essential for the proliferation of human SSCs, we conducted RNA sequencing showing that PAK1 transcript was elevated at 2.218-fold by 10% FBS compared to 0.5% FBS in the human SSC line. Real-time PCR and Western blots demonstrated that PAK1 mRNA and PAK1 protein were enhanced by 10% FBS compared with 0.5% FBS in the human SSC line, respectively ( Figures S2A-S2C ). Since FBS contains several growth factors, we determined whether the levels of PAK1 were changed by the defined growth factors. Real-time PCR revealed that PAK1 mRNA was upregulated by growth factors EGF, FGF2, and GDNF at 10 hr of the treatment in the human SSC line ( Figure 1A) , and Western blots indicated that PAK1 protein was enhanced by these growth factors at 24 hr of the treatment in the human SSC line (Figures 1B and 1C ). To ascertain which growth factor regulates PAK1, we performed Western blots showing that the level of PAK was elevated by EGF, but not by GDNF or FGF2, in the human SSC line ( Figures 1D and 1E ). These data suggest that PAK1 is regulated by EGF rather than GDNF or FGF2 in the human SSC line. RT-PCR and immunocytochemistry demonstrated that the EGF receptor EGFR mRNA ( Figure 1F ) and EGFR protein ( Figure 1G ) were present in the human SSC line.
We determined whether PAK1 was expressed in human primary SSCs. Immunohistochemistry revealed that PAK1 was expressed in human spermatogonia along the basement of seminiferous tubules in human testes ( Figure 1H ), whereas it was undetected in pachytene spermatocytes or round spermatids ( Figure 1H ). Primary antibody was replaced with isotype IgGs to serve as negative controls, and no immunostaining was seen ( Figure 1I ). Collectively, these results imply that PAK1 is present in human SSCs.
PAK1 Knockdown Leads to Decreases in the Proliferation and DNA Synthesis and an Increase in the Apoptosis in the Human SSC Line
Next, we explored the roles of PAK1 in regulating the proliferation and apoptosis of human SSCs in vitro. To improve the efficiency of PAK1 knockdown, three pairs of siRNAs targeting different regions of PAK1 mRNA were designed, and control siRNA didn't bind any sequence of PAK1. Real-time PCR revealed that PAK1 mRNA was significantly decreased by PAK1-siRNA 1, 2, and 3 in the human SSC line at 24 hr after transfection ( Figure 2A ). Western blots showed that the protein of PAK1 was reduced by PAK1-siRNA 1, 2, and 3 in the human SSC line, while the interfering effect of PAK1-siRNA 2 was the most prominent ( Figure 2B ). CCK-8 assay was executed from 24 to 120 hr after the transfection of PAK1-siRNA 2 and 1 in the human SSC line, and both siRNAs evidently reduced the proliferation of the human SSC line at 48-120 hr ( Figure 2C ). Western blots indicated that the level of PCNA, a hallmark for cell proliferation, was decreased by PAK1-siRNA 2 and 1 ( Figure 2D) . Similarly, the percentage of bromodeoxyuridine (BrdU)-positive cells was reduced in the human SSC line by PAK1-siRNA 2 ( Figures 2E and 2G ) compared to the control siRNA ( Figures 2F and 2G ). Furthermore, annexin V/propidium iodide (PI) staining and flow cytometry implicated that the early and late apoptosis of the human SSC line was increased by PAK1-siRNA 2 compared to the control siRNA ( Figures 2H and  2I ). Considered together, these data indicate that PAK1 promotes DNA synthesis and the proliferation and inhibits the apoptosis of the human SSC line.
We also determined the role of PAK1 in regulating human SSCs in vivo. Xenotransplantation was performed with the human SSC line by transfecting PAK1-siRNA 2 or control siRNA. Immunohistochemistry revealed that PAK1-siRNA 2 resulted in decrease in the percentages of UCHL1-, PLZF-, PCNA-, and Ki67-positive cells and the enhancement of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive cells ( Figures 3A-3F ). These data implicate that PAK1 knockdown inhibits the proliferation and stimulates the apoptosis of the human SSC line in vivo. To identify the targets of PAK1 in regulating human SSCs, RNA sequencing was performed to screen the changes of tran- scription profiles in the human SSC line transfected with PAK1-siRNA 2 or control siRNA. The value of RIN (RNA Integrity Number) was 8.3, and electropherogram by an Agilent bioanalyzer displayed the concentrations and nucleotides (nt) of RNA isolated from the human SSC line with control siRNA (Figure 4A ) and PAK1-siRNA 2 ( Figure 4B ). There were 16,961 genes expressed in the human SSC line with control siRNA and 16,912 genes present in the human SSC line with PAK1-siRNA 2. Scatterplots and hierarchical clustering showed that 97 genes were downregulated and 140 genes were upregulated by PAK1-siRNA 2 ( Figures 4C and  4D ). Gene ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses indicated that the changed genes, including PDK1, KDR, and ZNF367, by PAK1-siRNA 2 were involved in various kinds of signaling pathways and biological process (Figures S3-S5; Table 1 ), which are essential for cell proliferation and survival. Notably, RNA sequencing revealed that a number of genes, including PDK1, KDR, and ZNF367, were downregulated after PAK1 knockdown (Table 2) . Real-time PCR showed that the transcripts of randomly chosen genes, including PDK1, KDR, ZNF367, GPX3, OIP5, THAP10, DBP, and TET1, were decreased by PAK1-siRNA 2 ( Figure 4E ), which was consistent with the data of RNA sequencing.
We examined whether there was an interaction between PAK1 and PDK1 in the human SSC line. Western blots showed that the level of PDK1 protein was decreased by PAK1-siRNA 2 and PAK1-siRNA 1 ( Figure 5A ). Significantly, immunoprecipitation assay and Western blots further revealed that PAK1 could bind to PDK1 in the human SSC line, whereas IgG couldn't pull down PDK1 ( Figure 5B ). Real-time PCR and Western blots revealed that PDK1 mRNA and PDK1 protein were decreased by PDK1-siRNA 1, 2, and 3 in the human SSC line ( Figures 5C and 5D ), while the interfering effect of PDK1-siRNA 3 was the most ( Figures 5C and 5D ). CCK-8 Furthermore, we checked out how PAK1 affected the cell cyclerelated proteins, including cyclin A, cyclin B1, cyclin D1, and CDK2. As shown in Figures 7D and 7E , PAK1 knockdown resulted in the decrease in cyclin A, but not cyclin B1, cyclin D1, or CDK2, in the human SSC line. The level of ZNF367 protein was decreased by PAK1-siRNA 1 and PAK1-siRNA 2 ( Figures 8A and 8B ). We next explored the effect of transcription factor ZNF367 on the proliferation and the apoptosis in the human SSC line. Real-time PCR and Western blots showed that ZNF367 mRNA ( Figure 8C ) and ZNF367 protein (Figures 8D and 8E) were diminished by ZNF367-siRNA 1, 2, and 3 in the human SSC line. Interestingly, the transcripts of KDR ( Figure 8F ) and PDK1 ( Figure 8G ) were reduced by ZNF367-siRNA 1 and ZNF367-siRNA 2 in the human SSC line, reflecting that ZNF367 regulates KDR and PDK1 in the human SSC line. (Figure 8H ) and EDU-positive cells (Figures 8I-8K) were decreased in the human SSC line by ZNF367-siRNA 1 and znf367-siRNA 2. In contrast, the early and late apoptotic percentages of the human SSC line were enhanced by ZNF367-siRNA 1 ( Figures 8L-8N ).
CCK-8 and EDU assays demonstrated that the proliferation
PAK1 Abnormal Expression Is Associated with NOA Patients
NOA is a serious disease affecting human reproduction, and it can be classified into several subtypes, including maturation arrest (MA) at different stages of spermatids, spermatocytes, or spermatogonia and hypo-spermatogenesis (HS). We finally compared the levels of PAK1 among subtypes of NOA patients and OA patients with normal spermatogenesis. NOA 1, 4, and 5 were patients with hypo-spermatogenesis, while NOA 2, 3, and 6 were patients with MA. Male germ cells, including spermatogonia, spermatocytes, and spermatids, were separated from the testicular tissues of OA and NOA patients using the two-step enzymatic digestion and differential plating. Tissue arrays further revealed that the levels of PAK1 in spermatogonia were lower in MA at spermatogonium, spermatocyte, and spermatid stages than OA patients ( Figures 9D and 9E) , while there was no significant difference in PAK1 expression level between HS patients and OA patients ( Figures 9D and 9E ), suggesting that PAK1 abnormal expression is associated with MA at spermatogonium, spermatocyte, and spermatid stages.
DISCUSSION
Basic studies and clinical applications of human SSCs have been seriously hampered due to a limited number of human primary SSCs and the difficulty of obtaining human testicular tissues. 26 To solve these urgent problems, we have established for the first time a stable human SSC line with an unlimited proliferation potential and high safety. 26 In this study, we verified the identity of the human SSC line as human SSCs at both transcriptional and translational levels for numerous makers of primary human SSCs. This human SSC line could survive, proliferate, and colonize in vivo after xenotransplantation to the seminiferous tubules. 26 Therefore, the human SSC line could be utilized to obtain a sufficient number of human SSCs for uncovering the function and signaling pathway of novel genes in regulating the fate decisions of human SSCs. Here we have identified PAK1 as the first molecule that controls the proliferation, DNA synthesis, and apoptosis of human SSCs.
Growth factors have been shown to be indispensible for mediating the proliferation and survival of rodent SSCs. It has been demonstrated that GDNF is essential for the maintenance of mouse undifferentiated spermatogonia, 27 and we have revealed that GDNF upregulates c-Fos transcription and induces CREB-1, ATF-1, and CREM-1 phosphorylation to stimulate mouse SSC proliferation. 10 The balance between GDNF and FGF2 levels has a vital effect on SSC self-renewal in vivo.
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EGF is composed of 53 amino acid residues and it is produced by various kinds of tissues, including testis. 29 Sialoadenectomy in male mice leads to the reduction of circulating EGF and impaired spermatogenesis, and, conversely, the administration of EGF can reverse this phenomenon. The average concentrations of EGF in blood plasma are significantly lower in infertile males. 30 EGF can promote the proliferation and DNA synthesis of rat spermatogonia, 31 and it facilitates the growth of rat SSCs. 32 To identify novel genes that regulate the proliferation of human SSCs, we chose GDNF, FGF2, and EGF for culturing and expanding the human SSC line. Interestingly, we found that PAK1 transcript and PAK1 protein were elevated by EGF, but not by GDNF or FGF2, implicating that PAK1 is regulated by EGF in the human SSC line.
We found that PAK1 was expressed in the human SSC line and human primary spermatogonia in human testis. PAK1 has been reported to play an important role in regulating cell proliferation and apoptosis in many other kinds of human normal cells and cancer cells. 33, 34 However, the roles and molecular mechanisms of PAK1 in controlling human SSCs remain unknown. To elucidate the function of PAK1, we performed CCK-8 assay, BrdU incorporation assay, and annexin V/PI staining and flow cytometry in the human SSC cell line with PAK1-siRNAs. Specifically, we have demonstrated that PAK1 silencing leads to the reduction in proliferation and DNA synthesis of human SSCs as well as the increase in apoptosis in the human SSC line.
To identify the targets of PAK1, we conducted RNA sequencing to compare the changes of global gene expression levels between PAK1-siRNA and control siRNA in human SSCs. Significantly, we observed that both transcripts and proteins of PDK1, KDR, and ZNF367 were decreased by PAK1-siRNAs. PDK1 conditional knockout in germline cells results in the decrease in fertility. 35 KDR is a type III receptor tyrosine kinase and it is one of receptors for vascular endothelial growth factor (VEGF). It has been demonstrated that VEGFA regulates the maintenance and survival of SSCs. 36 ZNF367 belongs to the zinc-finger protein family, e.g., Plzf, a crucial transcription factor for the self-renewal of mouse SSCs. 37, 38 Notably, we found that PAK1 could interact with PDK1 since PAK1 binds to PDK1, as shown by immunoprecipitation, and that ZNF367 could regulate PDK1 and KDR. Furthermore, we demonstrated that the silencing of PDK1, KDR, and ZNF367 resulted in the suppression of proliferation and DNA synthesis and an enhancement of apoptosis in the human SSC line. These results suggest that PDK1, KDR, and ZNF367 are targets for PAK1 and that PDK1, KDR, and ZNF367 play important roles in regulating the proliferation and apoptosis of the human SSC line.
PAK1 acts via different kinds of signaling pathways, including the PI3K/AKT pathway, MAPK pathway, and b-catenin pathway, in different human cell types. 39, 40 In this study, we found that the levels of phos-ERK1/2 and phos-AKT rather than P85 were decreased by www.moleculartherapy.org PAK1-siRNAs in the human SSC line, indicating that PAK1 works through the ERK1/2-and AKT-signaling pathways. We also found that PAK1 mediated cyclin A, but not cyclin B1, cyclin D1, or CDK2. Furthermore, we have unveiled an association between the levels of PAK1 and several subtypes of NOA patients. The pathogenesis of NOA patients remains largely unknown. It has been reported that the number of human SSCs in NOA patients is significantly reduced compared with men with normal spermatogenesis. 41 Our data suggest that a low level of PAK1 might lead to the abnormal spermatogenesis of NOA patients.
In summary, we have demonstrated for the first time that PAK1 is expressed in the human SSC line and primary human SSCs and that it regulates the proliferation, DNA synthesis, and apoptosis of the human SSC line. The function and mechanism of PAK1 as well as its numerous downstream effectors and networks in human SSCs has been illustrated and summarized in Figure 10 . Specifically, we have revealed that PAK1 is mediated by EGF and it controls PDK1, ZNF367, and KDR in the human SSC line. PAK1 interacts with PDK1, while ZNF367 regulates PDK1 and KDR. PAK1 activates ERK1/2-and AKT-signaling pathways and regulates cyclin A to facilitate the human SSC line entering S phase for DNA synthesis and cellular proliferation. Collectively, PAK1 has been identified as the first gene that regulates the proliferation, DNA synthesis, and apoptosis of human SSCs through PDK1/KDR/ZNF367 and the ERK1/2 and AKT pathways. This study offers data on the novel genes and signaling pathways as well as regulatory networks controlling the fate decisions of human SSCs, and it provides new molecular targets for the applications of human SSCs in treating human disease.
MATERIALS AND METHODS
Human SSC Line and Cell Culture
The human SSC line was established in our laboratory by transfecting human primary SSCs with a plasmid, namely, Lenti-EF1a-SV40LargeT-IRES-EGFP, which expresses the SV40 large T antigen under the control of the EF1a promoter. 26 The identity of the human SSC line was verified by the expression of numerous genes and proteins for human primary SSCs.
The human SSC line was cultured with DMEM/Nutrient Mixture F12 (DMEM/F12, Gibco, Grand Island, NY) supplemented with 10% FBS (Gibco) and 100 unit/mL penicillin and streptomycin (Invitrogen). The cells were passaged every 3-4 days using 0.05% trypsin and 0.53 mM EDTA (Invitrogen), and they were maintained at 34 C in a humidified 5% CO 2 incubator. To ascertain which growth factor mediates PAK1, cells were cultured with the medium with 10 ng/mL GDNF (R&D Systems), 10 ng/mL FGF2 (R&D Systems), 10 ng/mL EGF (Sigma), or the combination of the three growth factors.
RNA Extraction and RT-PCR
Total RNA was extracted from the human SSC line and human Sertoli cells using RNAiso Plus reagent (Takara, Kusatsu, Japan), and the concentrations and quality of isolated RNA were determined by Nanodrop (Thermo Scientific, MA, USA). RNA with the ratio of A 260 /A 280 = 1.9-2.0 was utilized to ensure good quality. DNase I was used to remove potential contamination of genomic DNA. RT was conducted using the First Strand cDNA Synthesis Kit (Thermo Scientific, USA), and PCR of the cDNA was carried out according to the protocol described previously. 42 The primers of genes, including SV40, VASA, MAGEA4, GPR125, GFRA1, RET, UCHL1, THY1, PLZF, EGFR, ACTB, and GAPDH, were designed and are listed in Table 3 . The PCR reaction started at 95 C for 5 min and was performed as follows: denaturation at 95 C for 30 s, annealing at 52 C-60 C as indicated in Table 3 for 30 s, elongation at 72 C for 45 s, for 35 cycles. The PCR samples were incubated for an additional 7 min at 72 C. PCR products were separated on 2% agarose gels, which were stained with Safer Ethidium Bromide AlternativesGelGreen (Biotium, USA), and the images were captured by Image Analyzer ChemiDoc XRS + (Bio-Rad).
Isolation of Male Germ Cells from Testis Biopsies of OA Patients and NOA Patients
Testicular biopsies were obtained from OA patients and NOA patients who underwent microdissection testicular sperm extraction at Ren Ji Hospital, Shanghai Jiao Tong University School of Medicine. The OA patients were caused by inflammation or vasoligation, and they had normal spermatogenesis. NOA patients included MA, i.e., spermatogenesis arrest at spermatogonium, spermatocyte, or spermatid stage, and HS. The testicular tissues from OA patients and NOA patients were washed twice with DMEM (Gibco) containing 2% penicillin and streptomycin (Gibco). The testis tissues were minced by scissors to become a semi-liquid state. The seminiferous tubules were isolated by enzyme I containing 2 mg/mL collagenase IV (Life Technologies) and 1 mg/mL DNase I (Roche) in oscillating water bath at 34 C, 100 rpm for 15 min. Male germ cells and Sertoli cells were obtained from seminiferous tubules by enzyme II containing 4 mg/mL collagenase IV, 2.5 mg/mL hyaluronidase (Sigma), 2 mg/mL trypsin (Sigma), and 1 mg/mL DNase I for 10-12 min. Finally, male germ cells were acquired through the differential plating pursuant to the procedure previously described. 43 This study was approved by the Institutional Ethical Review Committee of Ren Ji Hospital (license number of ethics statement: 2012-01), Shanghai Jiao Tong University School of Medicine, and the informed consent for testicular biopsies was obtained from the donors for research only.
Real-Time PCR
Total RNA was extracted from the human SSC line with 10% or 0.5% FBS, without or with treatment of PAK1-siRNAs, PDK1-siRNAs, KDR-siRNAs, or ZNF367-siRNAs, and male germ cells from OA patients and NOA patients using Trizol (Takara, Kusatsu, Japan). The quality and concentrations of total RNA were measured by Nanodrop (Thermo Scientific), and the ratios of A 260 /A 280 of total RNA were set as 1.9-2.0 to ensure good quality. The First Strand cDNA Synthesis Kit (Thermo Scientific) was used to conduct RT of total RNA. The primer sequences of genes used for real-time PCR were designed and are listed in Table 4 . Real-time PCR reactions were conducted using Power SYBR Green PCR Master Mix (Applied Biosystems, Woolston Warrington, UK) and a 7500 Fast Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA). To quantify the PCR products, the comparative CT (threshold cycle) method was used as described previously. 44 The CT values of genes were normalized to those of housekeeping gene ACTB (DCT = CT (GENE) À CT (ACTB) ), and the relative expression of genes to the control was calculated by the formula 2 ÀDDCT (DDCT = DCT (GENE) À DCT (control) ).
Western Blots
The human SSC line with 10% or 0.5% FBS, without or with treatment of PAK1-siRNAs, PDK1-siRNAs, KDR-siRNAs, or ZNF367-siRNAs, was lysed with whole-cell lysis buffer containing protease inhibitor cocktail (MedChemExpress, USA). After 30-min lysis on ice, cell lysates were cleared by centrifugation at 12,000 Â g, and the concentrations of protein were measured by BCA kit (Dingguo, China). From each sample, 34 mg of cell lysate were used for SDS-PAGE (Bio-Rad, Richmond, CA), and Western blots were performed according to the protocol we described previously. 45 The detailed information of the chosen antibodies, including PAK1, PDK1, KDR, ZNF367, Phos-ERK1/2, ERK2, phos-AKT, AKT, cyclin A, cyclin B1, cyclin D1, CDK2, and ACTB, for Western blots was listed in Table 5 . The blots were detected by chemiluminescence (Chemi-Doc XRS, Bio-Rad, Hercules, CA, USA), and integrated density values (IDVs) were calculated by comparing the signals of target proteins with housekeeper ACTB or their own non-phosphorylated forms.
Immunoprecipitation and Western Blots
A total of 10 6 human SSC line was lysed in 500 mL freshly prepared complete whole-cell lysis buffer containing protease inhibitor cocktail (MedChemExpress, NJ, USA) for 30 min on ice. Cell lysates were cleared by centrifugation at 12,000 Â g for 15 min at 4 C, and the protein concentrations were measured by BCA kit Pierce BCA Protein Assay Kit (Thermo Scientific). Rabbit antibody against PAK1 (Cell Signaling Technology, 2602S) or rabbit IgG was added to cell lysate PAK1 is mediated by EGF, but not by GDNF or FGF2; PDK1, ZNF367, and KDR are the targets of PAK1. PAK1 binds to PDK1, and ZNF367 regulates PDK1 and KDR. PAK1 enhances the phosphorylation (phos-) of ERK1/2 and AKT, which facilitates directly or indirectly the entrance of phos-ERK1/2 and phos-AKT from cytoplasm to nuclei. PAK1 increases cyclin A level and stimulates human SSCs to enter S phase for DNA synthesis and cellular proliferation. Solid arrows, promote directly; dotted arrows, stimulate directly or indirectly; P in a circle, phosphorylate.
and incubated overnight at 4 C on a rotator. Protein G magnetic beads (25 mL, Active Motif, USA) were added to cell lysate and supernatant and incubated for 2 hr at 4 C. After washes three time with 500 mL washing buffer, bead pellets were resuspended with 50 mL 1Â loading buffer and boiled at 95 C for 5 min. Western blots were performed as follows: cell lysate and supernatant from each sample were separated using 10% SDS-PAGE (Bio-Rad, Hercules, USA) and transferred to nitrocellulose membranes for 2 hr at room temperature. The membranes were blocked using 5% nonfat dry milk in TBS-T for 1 hr at room temperature. After washing with TBS-T, the membranes were incubated with antibodies against PAK1 and PDK1 overnight at 4 C. The detailed information on antibodies against PAK1 and PDK1 is given in Table 5 . After extensive washes, the membranes were incubated with horseradish peroxidase-conjugated IgG (Santa Cruz Biotechnology) at a 1:2,000 dilution for 1 hr at room temperature. The membranes were detected by Chemi-Doc XRS system (Bio-Rad, Hercules, USA), and densitometric analyses were processed with ImageJ software.
Immunocytochemistry
The human SSC line was fixed using 4% paraformaldehyde (PFA) for 30 min, and these cells were washed twice with PBS (Medicago, Uppsala, Sweden). After blocking with 3% BSA at room temperature for Table 5 . Rhodamine-conjugated secondary antibody (Invitrogen, USA) was used as the secondary antibody, and the nuclei were stained with DAPI. Replacement of primary antibodies with isotype IgGs served as negative controls. The images were captured with a Nikon microscope (Tokyo, Japan).
Immunohistochemistry
Testis sections of OA patients and recipient mice grafted with human SSCs by PAK1-siRNA 2 or the control siRNA transfection were www.moleculartherapy.org deparaffinized by xylene twice, hydrated with a series of graded alcohol, and treated with 3% H 2 O 2 (Boster Biological Technology, Guangzhou, China) for 15 min at room temperature to block the endogenous peroxidase activity. After blocking with 5% BSA for 1 hr at room temperature, the sections were incubated with primary antibodies (Table 5 ) at 4 C overnight. After extensive washes with PBS, the sections were incubated with HRP-conjugated second antibody for 1 hr at room temperature. After extensive washing with PBS, DAB (3, 3-diaminobenzidine) (Vector Lab, Burlingame, USA) was used to label PAK1 protein. Finally, the sections were stained with hematoxylin and observed under a Nikon microscope.
RNAi of PAK1, PDK1, KDR, and ZNF367
The siRNA sequences targeting human PAK1, PDK1, KDR, and ZNF367 mRNA were synthesized from GenePharma (Suzhou, China) and were listed in Table 6 . The siRNAs without targeting any sequence of these genes were utilized as negative controls. For PAK1, KDR, PDK1, and ZNF367 knockdown, 100 nM siRNA or control siRNA was transfected into human SSCs using Lipofectamine 3000 (Life Technologies, Carlsbad, USA), according to the manufacturer's protocol. At 48 hr after transfection, cells were harvested to evaluate level changes of genes and proteins by real-time PCR and Western blots as mentioned above.
BrdU Incorporation Assay
In total, 1 Â 10 5 cells/well of the human SSC line were placed on 12-well plates with DMEM/F12 containing 10% FBS and cultured for 12 hr. The cells were starved in DMEM/F12 for 24 hr, and 30 mg/ mL BrdU (Sigma, St. Louis, MO) was added to the culture medium. After 16 hr of culture, cells were fixed in 4% PFA for 30 min. Immunocytochemistry was conducted using anti-BrdU (Sigma) according to the method described previously. 10 After three times washing with PBS, rhodamine-conjugated secondary antibody (Invitrogen, Carlsbad, USA) was added to cells and incubated for 1 hr at room temperature. Cells were observed under fluorescence microscopy (Nikon, Tokyo, Japan). At least 500 cells were counted to calculate the 
EDU Incorporation Assay
The human SSC line was seeded in 96-well plate containing DMEM/F12 medium with 50 mM EDU (RiboBio, Guangzhou, China). After 12 hr of culture, the cells were washed with DMEM and fixed with 4% PFA. Cells were neutralized with 2 mg/mL glycine and permeabilized with 0.5% Triton X-100 for 10 min at room temperature. EDU immunostaining was performed with Apollo staining reaction buffer. The nuclei of cells were stained with Hoechst 33342, and the EDU-positive cells were counted under fluorescence microscopy (Nikon).
CCK-8 Assay
The human SSC line was plated in 96-well plates at a density of 5,000 cells/well, and they were tranfected without or with 100 nM PAK1-siRNAs, PDK1-siRNAs, KDR-siRNAs, ZNF367-siRNAs, or control siRNAs. The proliferation ability of human SSCs was detected by CCK-8 assay (Dojin Laboratories, Kumamoto, Japan) according to the manufacturer's instructions. In brief, 10 mL of CCK-8 reagents were added into each well of the cells; 3 hr later, a microplate reader (Thermo Scientific) was used to measure the absorbance at the wavelength of 450 nm.
Annexin V/PI Staining and Flow Cytometry
The percentages of apoptosis in the human SSC line transfected without or with PAK1-siRNAs, PDK1-siRNAs, KDR-siRNAs, ZNF367-siRNAs, or control siRNAs were determined using the Annexin V-APC/PI apoptosis detection kit and flow cytometry according to the protocol described previously. 44 Human SSC cells were seeded at 80,000 cells/well in 6-well plates. Cells were collected and washed twice with PBS at the third day after siRNA transfection. The cells were simultaneously stained with Annexin V-fluorescein isothiocyanate (FITC) (green fluorescence) and the non-vital dye PI (red fluorescence), which allowed the discrimination of intact cells 
Xenotransplantation of the Human SSC Line
To clarify the role of PAK1 in controlling the human SSC line in vivo, we conducted the xenotransplantation assay. Ten male nude mice at 6 weeks old were obtained from Shanghai Laboratory Animal Center, Chinese Academy of Sciences, Shanghai, China, and they were housed in a specific-pathogen-free (SPF) facility and treated according to the experimental animal guidelines and regulation of Ren Ji Hospital, Shanghai Jiao Tong University School of Medicine. Busulfan (Sigma, St. Louis, MO, USA) was delivered to nude mice by intraperitoneal injection at the concentration of 35 mg/kg body Approximately 20 mL cell suspension with PAK1-siRNA 2 was transplanted into the seminiferous tubules of one testis via the efferent duct, while the other testis was grafted with the cells after control siRNA transfection. At 4 weeks after cell transplantation, the mice were sacrificed and their testes were used to prepare the paraffin sections. Finally, immunocytochemistry was conducted to check the expression levels of proteins for markers of human SSCs and cell proliferation, and TUNEL was carried out to detect cell apoptosis.
TUNEL Assay
Testis paraffin sections of recipient mice were deparaffinized using xylene, hydrated with graded alcohol, and they were treated with 20 mg/mL proteinase K. After equilibration with 1Â equilibration buffer for 20 min, the sections were incubated in FITC-12-dUTP Labeling Mix (Yeasen, Shanghai, China) at 37 C for 60 min. The cell nuclei were stained with DAPI, and the TUNEL-positive cells were counted under fluorescence microscopy (Nikon).
RNA Sequencing
Total RNA was extracted from the human SSC line with PAK1-siRNA 2 or control siRNA or culture with 10% FBS or 0.5% FBS. RNA was treated with DNase I to remove potential DNA contamination. The mRNA was enriched by using the oligo (dT) magnetic beads. The first strand of cDNA was synthesized by using random hexamer-primer, and dNTPs RNase H and DNA polymerase I were utilized to synthesize the second strand of cDNA. The double-strand cDNA was purified with magnetic beads, and end reparation and 3 0 end single-nucleotide A (adenine) addition were performed. Next, sequencing adaptors were ligated to the fragments that were enriched by PCR amplification. The cDNA libraries were used for sequencing on an Illumina HiSeq 4000 instrument. RNA sequencing libraries were established for two RNA sequencing samples at BGI (Shenzhen, China), and sequencing data were mapped to the human genome (hg19) with default parameters. NOISeq 46 was used to produce biologically meaningful rankings of differentially expressed genes (DEGs). Subsequently, those DEGs were assessed by RNA-seq experiments (RSEMs), 47 and the significantly DEGs were selected according to the following criteria: p < 0.05. GO enrichment analysis and KEGG pathway enrichment analysis were further performed on the DEGs in human SSCs between PAK1-siRNA 2 and the control siRNA.
Testicular Tissue Arrays
Human testicular tissue arrays were performed to compare the levels of PAK1 protein in paraffin-embedded testicular samples of OA patients and several subtypes of NOA patients, including MA at a different stage of spermatid, spermatocyte, or spermatogonium and HS. After H&E staining, the 1.6-mm core from each sample was inserted into a grid of paraffin block with tissue arrays (Beecher Instruments). The tissue array blocks were cut to 4-mm sections and stained with antibody against PAK1 at a dilution of 1:200 according to method. 22 For data analysis, every section was evaluated by two pathologists in terms of the uniform pre-established criteria as described previously. 48 The expressions of PAK1 in subtypes of NOA patients were quantified relatively by comparing with the immunostaining intensities of OA patients.
Statistical Analysis
Experiments were repeated at least three times. All values were presented as mean (bars) ± SD (error bars). GraphPad Prism 5.0 was used for statistical analysis, and the test of normality and homogeneity of variances was conducted before being analyzed with t test and one-way ANOVA. p < 0.05 was considered statistically significant.
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